Speech addressed to infants mostly involves face-to-face interaction and typically provides the infant with bimodal speech input, that is, both auditory and visual speech information. Infants seem to be sensitive to the congruency between these speech cues from early on as they prefer to look at silent speaking faces whose articulations are congruent with a heard sound relative to incongruent articulations (Kuhl & Meltzoff, 1982 , 1988 Patterson & Werker, 1999 . Furthermore, infants detect correspondences between sequentially presented auditory sounds as well as between variant sequentially presented auditory sounds and visual mouth gestures, suggesting that they are similarly sensitive to speech cues within and across modalities (Bristow et al., 2009 ). These findings suggest that infants' audiovisual speech perception relies on abstract categories linking auditory and visual speech information (Bristow et al., 2009; Patterson & Werker, 1999) , and that a basic ability to match auditory and visual speech cues might be innate or develop with little experience early in infancy (e.g., Kuhl & Meltzoff, 1982) .
However, more recent work suggests that audiovisual speech perception undergoes significant development in the first year of life, paralleling the development in auditory speech perception (for a review of native language attunement in the auditory domain see Saffran, Werker, & Werner, 2006) . In particular, infants lose sensitivity to visual differences between languages (Weikum et al., 2007) while their sensitivity to the correspondence of auditory and visual speech cues that are not relevant to their native language similarly declines (Pons, Lewkowicz, Soto-Faraco, & SebastianGalles, 2009 ). At the same time they seem to refine their perception of native audiovisual speech contrasts (Lewkowicz, 2000; MacKain, Studdert-Kennedy, Spieker, & Stern, 1983) . These findings raise questions as to the factors that influence this development.
Several researchers have argued that changes in speech perception are linked to changes in infants' ability to produce native speech sounds (see, e.g., Vihman, 1996; Kuhl, 2000; Westermann & Reck Miranda, 2004) . Such a link between speech perception and production seems especially plausible (and might be particularly fruitful to investigate) for audiovisual speech perception because visual speech cues are inherently linked to the articulatory gestures leading to its production. Thus, infants' experience in producing a sound might modulate their ability to match a sound to the (visual) gesture producing it. For instance, it might become easier for an infant to detect audiovisual (in)congruencies in native sounds if she is able to produce the sounds herself because she can recruit her own knowledge about the link between an articulatory gesture and the resulting auditory sound pattern.
Indeed, there is some evidence that productive knowledge influences audiovisual speech perception: Eight-month-olds are more sensitive to the match between (nonnative) auditory and visual speech cues of bilabial trills, which often occur in early babbling, than of whistles, which are unlikely to be part of an infant's productive repertoire (Mugitani, Kobayashi & Hiraki, 2008) ; 4.5-month-olds' ability to match auditory and visual speech cues of native vowels is influenced by concurrently performed (nonlinguistic) lip movements (Yeung & Werker, 2013 ; see also Legerstee, 1990) ; and the likelihood of integrating auditory and visual speech cues is modulated by preschoolers' productive language skills (Desjardins, Rogers, & Werker, 1997) . Taken together these studies suggest a potential influence of productive abilities on audiovisual speech perception. Yet, given the age of the participants (Desjardins et al., 1997) , the nonnative status of the assessed sound contrast (Mugitani et al., 2008) and the nonlinguistic nature of the performed motoric actions (Yeung & Werker, 2013) , they provide only limited information about the influence of emerging productive abilities on native speech perception in the first year of life. Thus, it remains unclear if there is a functional link between speech perception and production that modulates learning of (audiovisual) native sound categories. The current study therefore investigated the link between an infant's ability to match native auditory and visual speech cues and her ability to produce different sounds in babbling.
To examine the link between productive and perceptive development, the choice of an appropriate sound contrast is crucial. In particular, the perception of the chosen sounds should improve during development and their production in babbling should follow different time lines. Investigating infants' audiovisual perception of vowels might reveal such developmental differences: Infants perceive vowels less categorically than consonants (e.g., Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992) and are also biased in their auditory vowel perception in that they perceive some vowel contrasts better than others (for a review see Polka & Bohn, 2003 . This might render it difficult to associate vowels with distinct visual gestures and lead to substantial improvement in perception during development. Indeed, even adults often confuse vowels that have similar visual and acoustic properties, such as /y/-/u/ or /Ø/-/o/, but are rather accurate in their perception of open vowels that do not have close counterparts, such as /a/ (van Son, Huiskamp, Bosman, & Smoorenburg, 1994 ; see also Richie & Kewley-Port, 2008) . Because vowels occur early in infants' vocalizations (Stark, 1980) , their perception might further be modulated by productive knowledge. Two particularly suitable contrasts are /a/-/e/ and /a/-/o/. These vowels are articulatory and acoustically less distinct than the corner vowels /a/, /i/, and /u/ that have been examined in earlier studies, rendering them potentially more difficult. Moreover, low and front vowels, such as /a/ and /e/, tend to dominate over back vowels, such as /o/, in infants' early productions (see review in de Boysson-Bardies et al., 1989) . Thus, infants are likely to show differences in which sounds are part of their productive repertoire, making these sounds suitable to investigate the interplay between perception and production.
The current study tested German 5.5-to 6-month-olds' ability to detect mismatches between the auditory and visually presented native vowel contrasts /a/-/e/ and /a/-/o/. Infants were presented with videos of a female mouthing a vowel that was either congruent with the vowel they concurrently heard or not, while their looking times to the videos were measured. If infants were sensitive to the congruency between auditory and visual speech cues, we expected them to look longer at matching than mismatching videos (see Mugitani et al., 2008) . To ensure that infants were able to acoustically discriminate the vowels, we also presented them with an auditory discrimination task. Again, a preference paradigm was used. We measured infants' attention to trials in which two vowels were presented in alternation (alternating trials) and trials in which one vowel was repeated (nonalternating trials). If infants discriminated the vowels, we expected them to listen longer to alternating trials than to nonalternating trials (see Best & Jones, 1998) . In addition, we collected parental reports on infants' babbling, that is, which sounds consistently occurred in infants' productions (see Procedure section for more detail). We tested infants aged 5.5 to 6 months because they are old enough to have a sufficiently large attention span to complete the experiment. Importantly, they are also old enough to start producing well-formed native syllables in their babbling (Oller, 1978; Stark, 1980) , but are still young enough to be in the midst of native language attunement in perception (see Polka & Werker, 1994 for the finding that perceptual attunement for vowels occurs between 4 and 10 months of age). We hypothesized that, if infants' ability to detect audiovisual mismatches is related to their productive knowledge, they would be more likely to detect audiovisual (in)congruencies if they produce similar sounds in babbling. This would provide evidence that perceptive and productive development is interrelated in language acquisition. It would furthermore show that infants do not match auditory and visual cues for all sounds equally well, but that they improve their sensitivity to audiovisual congruencies in the course of development.
To follow-up on infants' language development, we asked parents to fill out a vocabulary questionnaire 6 months after they participated in the experiment, that is, around the infants' first birthday. Because earlier native language attunement in auditory speech perception is related to more advanced vocabulary development (Tsao, Liu, & Kuhl, 2004) , we hypothesized that a similar relation exists for the development of audiovisual speech perception and later language development, that is, that increased sensitivity to the congruency between auditory and visual speech cues at 6 months of age would predict more advanced vocabulary development at 12 months of age. Because earlier studies further found a relation between infants' early babbling and their later vocabulary size (Majorano, Vihman, & DePaolis, 2014; McCune & Vihman, 2001) , we also hypothesized that-given the reliability of our parental report measure-infants' productive abilities at 6 months of age would be related to their vocabulary size 6 months later.
Method
The data reported in the current article was collected as part of a larger study that also addressed social influences on the acquiThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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sition of phonological categories. The experimental data as well as the vocabulary data presented here is drawn from the same sample as the data presented in Altvater- Mackensen and Grossmann (2015) . The current article and Altvater-Mackensen and Grossmann (2015) complement each other in that they address different questions, rely on different variables and present different analyses.
Participants
Forty-four German monolingual 6-month-olds participated in the experiment (16 female; age range: 5;11 (months; days) to 6;04, mean age: 5;23). All infants were born full-term with normal birth weight and had no reported hearing or vision impairment. Seven additional infants started to cry and could not be tested, one infant was excluded from analysis because his looking times were more than two standard deviations away from the mean. Infants were recruited via the participant pool of the first author's institute. Parents gave informed consent to participate in the study and received 7.50 Euro and a toy for their infant for participation.
Stimuli
Visual stimuli for the auditory discrimination task consisted of a video of a moving colored toy water wheel against a black background (Stager & Werker, 1997) . Video frames were 1,200 pixels wide and 880 pixels high, resulting in a width of 32 cm and a height of 24 cm on screen. The video was accompanied by successive repetition of six different tokens of /a/ in nonalternating trials, and three tokens of each /a/ and /e/ or /a/ and /o/ in alternating trials (see Best & Jones, 1998 for the use of alternating and nonalternating trials to assess sound discrimination in infants). Tokens were separated by approximately 1.5 s of silence, leading to a trial length of 15 s. All vowels were spoken by a female native speaker of German using infant-directed speech (see below for further details on the acoustic characteristics of the vowels).
Visual stimuli for the audio-visual matching task consisted of videos showing a woman mouthing /a/, /e/, and /o/. Each video entailed six consecutive utterances of the respective vowel. Each utterance started and ended with the mouth completely shut in neutral position. Visual stimuli were hyperarticulated to mimic infant-directed speech (see below for further details on the visual characteristics of the vowels). Each vowel articulation was separated by approximately 3 s in which the woman kept a friendly open face and smiled at the infant, leading to a trial length of 30 s. Her eye-gaze was always directed toward the infant. All videos were zoomed and cropped so that they only showed the woman's head against a light-gray wall. Video frames were 1,024 pixels wide and 1,000 pixels high, resulting in a width of 27 cm and a height of 26 cm on screen. Figure 1 shows an example frame of the mouth position for each of the fully articulated vowels.
Audio stimuli for the audio-visual matching task consisted of six different tokens each of /a/, /e/, and /o/, spoken in infant-directed speech. Stimuli were recorded by the same woman who produced the visual stimuli and the auditory stimuli of the discrimination task. The length of the vowels was timed to match the length of the mouthing in the videos. The final stimuli were created by dubbing the audio recordings of the vowels onto the videos of the woman mouthing the vowels. For matching trials, visual and auditory vowels were the same. For mismatching trials, visual and auditory vowels did not fit, that is, seen /a/ was accompanied by heard /e/ or /o/, and vice versa (see Mugitani et al., 2008 for the use of matching and mismatching trials to assess sensitivity to audiovisual congruency). Note that visual and auditory stimuli used in matching and mismatching trials were identical, only their pairing changed across trial types.
Three additional familiarization trials were created using different recordings of the same woman uttering each vowel twice in a block of three repetitions followed by an engaging smile and raise of her eyebrows. All stimuli were digitally recorded in a quiet room with a sampling rate of 24 frames per second and 44. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Figure 2 plots each vowel token used in the audiovisual matching task based on first and second formant frequency (a) and based on horizontal and vertical lip opening (b) to visualize the acoustic and visual differences between vowel categories in our stimulus set. To ensure that matches and mismatches in the audiovisual stimuli are detectable and do not elicit any McGurk-effect (McGurk & MacDonald, 1976) , we validated the stimuli in a prestudy with adults, testing eight German native speakers (one male; mean age: 25 years, age range: 20 -38 years) in a reaction time (RT) task. Stimulus videos from the infant study were cut in half so that each video contained three repetitions of a vowel and had a trial length of 15 s. The stimulus set for the adult prestudy thus included six matching videos, two videos each for /a/, /e/, and /o/, and eight mismatching videos-two videos each for seen /a/ accompanied by heard /e/ and /o/ and for heard /a/ accompanied by seen /e/ and /o/. Each participant was presented with all 14 videos in random order on a 44 cm wide notebook screen. For each video, the participant had to indicate as fast as possible whether the seen and heard vowels matched or mismatched by pressing the appropriate key on the keyboard. Results showed that participants categorized the stimuli correctly in almost all cases, only two trials were wrongly classified (one participant classified one matching /e/-video as mismatching, one participant classified one mismatching /e/-video as matching) This suggests that adult native speakers accurately perceived the videos as matching and mismatching. To further investigate potential delays in classifying mismatching stimuli, we also analyzed the RT data. Two participants initially did not understand that they had to answer as fast as possible and their responses to the first trials had to be excluded from analysis (six trials with RTs more than two standard deviations above the mean were excluded). The remaining data was aggregated by subject and submitted to a repeated-measures ANOVA with trial type (matching/mismatching) and vowel (e/o) as within-subjects factor. Results show a main effect of vowel, F(1, 6) ϭ 7.413, p ϭ .035, but no effect of trial type and no interaction between factors (ps Ͼ .17). A post hoc paired sample t test comparing the RTs to /e/-and /o/-videos aggregated across trial type revealed that although participants answered marginally faster for /o/-videos (M ϭ 3.08 s, SD ϭ 0.75) than for /e/-videos (M ϭ 3.34 s, SD ϭ 0.67), this difference was not significant, t(7) ϭ 1.602, p ϭ .15. Taken together, the results of the prestudy confirm that adult speakers of German rated the auditory and visual stimuli as compatible with one another in matching videos, and incompatible with one another in mismatching videos.
Procedure
When invited to participate in the experiment (about a week before the experiment took place), parents were informed that they would be asked about their infant's vocal productions to give them some time to observe their infant and to remember which sounds the infant produced. Before taking part in the experiment, parents were interviewed about their infant's babbling behavior. We asked them to describe their infant's babbling to assess whether infants showed canonical babbling, and to name the sounds that the infant produced. After noting every sound that the parent spontaneously named, we once again specifically asked which vowels and consonants the infant produced. Questions were open to avoid any bias in parents' answers. Because parents had no phonetic training, we did not assume that their reports would be phonetically accurate. Parents rather relied on their knowledge about the German sound inventory and named the sounds that most closely resembled their infants' productions. If they were unsure how to classify a sound, they mimicked their infants' babbling, leaving it to the experimenter to decide which would be the appropriate sound category. 1 Thus, this parental report measure does not provide any phonetically accurate description of an individual infant's sound inventory. Such information can only reliably be obtained by recording and carefully transcribing infants' productions. However, because parents most likely only remember and report those sounds that are This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
reliably and consistently produced by their infant, this measure provides an estimate (a) of whether an infant produces a variant of a certain phoneme, and (b) of how many different phonemes the infant targets in his or her babbling. For the perception test, infants were seated on their parent's lap facing a 52 cm wide and 32.5 cm high TV screen at a distance of 40 cm from the screen. Parents wore headphones playing music intermixed with speech during the experiment. The intermixed speech consisted of sentences taken from another experiment as well as of the vowels used in the current experiment. So the music effectively blinded parents' perception of the auditory stimuli and of the match between auditory and visual stimuli in the audiovisual task. Parents were instructed to interact as little as possible with their infant. A camera mounted below the screen recorded infants' eye-movements during the experiment. Auditory stimuli were presented via loudspeakers that were located behind the screen. Based on the video image, the experimenter started a trial when the infant was looking at the screen and continued to indicate throughout the trial whether the infant was looking at the screen or not by pressing the corresponding button on a keyboard. Each trial lasted until the infant was looking away for more than 2 consecutive seconds or until completion. In between trials a flashing light was displayed in silence to reorient infants toward the screen.
Each infant was first presented with the three familiarization trials showing the woman uttering /a/, /e/, and /o/, to familiarize infants with the speaker and her characteristics. This was immediately followed by the discrimination task. Infants were presented with a total of eight nonalternating /a/ trials, four alternating /a/-/e/ trials, and four alternating /a/-/o/ trials. Half of the alternating trials started with /a/, the other half started with /e/ and /o/, respectively. Trial order was pseudorandomized so that each nonalternating trial was followed by an alternating trial and so that /a/-/e/ and /a/-/o/ trials were evenly distributed across the 16 discrimination trials.
The discrimination task was immediately followed by the audiovisual matching task. Infants were presented with nine matching trials, three trials each for /a/, /e/, and /o/, and eight mismatching trials. Two mismatching trials each paired visual /a/ with auditory /e/ and /o/, and auditory /a/ with visual /e/ and /o/, respectively. Trial order was pseudorandomized so that no more than two consecutive trials contained the same auditory or visual stimulus and so that the different vowels as well as matching and mismatching trials were evenly distributed across the 17 audio-visual trials. On average, the experiment took approximately 10 min.
Around the infants' first birthday, that is, 6 months after the experimental session, we sent out letters to the parents and asked them to fill out a subpart of a standardized German questionnaire on language development for 12-month-olds (ELFRA 1; Grimm & Doil, 2000) , assessing infants' receptive and productive vocabulary.
Data Analysis
We included the data from all 44 infants in the analysis. Infants provided data for 16 trials in the discrimination task and on average 16 trials (range: 6 -17) in the audiovisual matching task. Note that the pattern of results did not change if infants that provided data for less than 17 trials in the audiovisual matching task (n ϭ 7) were excluded. Based on the online codings of the experiment, we calculated the mean looking time to alternating and nonalternating trials in the discrimination task and to matching and mismatching trials in the audio-visual matching task, aggregated by vowel contrast and infant.
To assess reliability of the online codings, the data from 15% of the infants was reassessed offline using a digital video scoring system. A trained coder indicated for each 40 ms frame of the video whether the infant was looking at the screen or away. The coder was blind to experiment phase and trial type. The coding output was aligned with information about the phase of the experiment and the auditory stimulus presented. Mean looking times to the different trial types were calculated as described above and compared to the online codings. Reliability between online and offline codings was 99% (r ϭ .994, p Ͻ .001).
Based on parental reports, we further examined whether an infant produced /a/-like, /e/-like, and /o/-like sounds in his or her babbling and calculated the overall size of the reported sound inventory, that is, how many different vowels and consonants the parents identified in their infants' babbling.
Based on the language questionnaire that we sent out 6 months after the experiment, we further assessed infants' vocabulary development at 12 months of age. The questionnaire contains a list of 164 words from 13 semantic classes, such as animals, body parts, and activities. To estimate infants' vocabulary size, we calculated how many words mothers marked as being understood by the infant. Eleven infants (four female) had to be excluded from the vocabulary analysis because parents did not send back the questionnaire.
Results
A paired-sample t test showed that infants preferred matching over mismatching trials in the audiovisual matching task, t(43) ϭ 3.097, p ϭ .003, d ϭ .23; 32 out of 44 infants looking longer at matching trials, indicating that they were sensitive to the congruency between auditorily and visually presented vowels. Similarly, infants preferred alternating over nonalternating trials in the discrimination task, t(43) ϭ 6.368, p Ͻ .001, d ϭ .45; 37 out of 44 infants looking longer at alternating trials, confirming that they also acoustically discriminated the vowels. Figure 3 displays the mean difference in looking time between alternating and nonalternating trials in the discrimination task and between matching and mismatching trials in the audiovisual matching task (see also Altvater-Mackensen & Grossmann, 2015) .
Differences Between Vowels
To investigate if performance in the audio-visual matching task differed for the two vowel contrasts, we ran a repeated-measures ANOVA with trial type (matching/mismatching) and vowel (e/o) as within-subjects factor. Results showed a main effect of trial type, F(1, 43) ϭ 8.931, p ϭ .005, p 2 ϭ .172; and an interaction of trial type and vowel, F(1, 43) ϭ 13.372, p ϭ .001, p 2 ϭ .237. Post hoc comparisons indicated that infants were sensitive to the congruency between auditorily and visually presented vowels for the contrast /a/-/o/, t(43) ϭ 5.509, p Ͻ .001, d ϭ .60; 33 out of 44 infants looking longer at matching trials, but not for the contrast /a/-/e/ (p Ͼ .90). To ensure that any failure to detect mismatches in audiovisual perception cannot be attributed to difficulties in the acoustic discrimination of the vowels, we assessed performance in This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Figure 4 displays the mean difference in looking time between trial types in the audiovisual matching and the discrimination task separately for the contrasts /a/-/o/ and /a/-/e/.
Influence of Productive Abilities
According to parental report the majority of infants produced /a/-like (33 infants) and /e/-like sounds (27 infants) in their babbling, while only 15 infants produced /o/-like sounds.
To determine a possible influence of infants' production of a vowel on their audiovisual matching abilities, we ran separate repeated-measures ANOVAs for each vowel (e/o) with trial type (matching/mismatching) as within-subjects factor and reported production (yes/no) as between-subjects factor. Results showed a main effect of trial type for /o/, F(1, 43) ϭ 24.544, p Ͻ .001, p 2 ϭ .369. No other main effects or interactions reached significance (ps Ͼ .14). (Note that categorizing infants by their production of spread and rounded vowels more generally provides similar results.) Post hoc comparisons confirmed that infants detected mismatches for /a/-/o/, regardless of whether they were reported to produce, t(14) ϭ 2.485, p ϭ .026, d ϭ .49; 10 out of 15 infants looking longer at matching trials, or not produce an /o/-like sound in their babbling, t(28) ϭ 4.996, p Ͻ .001, d ϭ .64; 23 out of 29 infants looking longer at matching trials, while infants showed no sensitivity to audiovisual mismatches for /a/-/e/, regardless of whether they were reported to produce an /e/-like sound or not (ps Ͼ .20).
Again, we conducted paired-samples t test on the mean looking time to alternating and nonalternating trials in the discrimination task separately for those infants that, according to parental report, did and did not produce vowels similar to /e/ and /o/ in their babbling. Results confirmed that infants discriminated /o/ and /a/, regardless of whether they were reported to produce, t (14) Figure 5 displays the mean difference in looking time between trial types for the audiovisual matching and the discrimination task for /a/-/o/ and /a/-/e/ depending on infants' reported production of /o/-and /e/-like vowels in babbling.
Success in the audiovisual matching task depends on the recognition not only of /o/ and /e/, but also of /a/. Eighteen infants were reported to produce both /a/ and /e/ and 13 infants were reported to produce both /a/ and /o/. We further investigated whether the conjoint presence of /a/-/e/ and /a/-/o/ in infants' babbling inventory modulated performance in the audiovisual matching task, running separate repeated-measures ANOVAs for each vowel This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Post hoc comparisons confirmed that infants detected audiovisual mismatches involving /a/-/o/, regardless of whether they were reported to produce both /a/ and /o/, t(12) ϭ 2.546, p ϭ .026, d ϭ .59; nine out of 13 infants looking longer at matching trials, or not, t(30) ϭ 4.872, p Ͻ .001, d ϭ .61; 24 out of 31 infants looking longer at matching trials. Similarly, auditory discrimination for the contrast /a/-/o/ was successful in producers, t(12) ϭ 2.464, p ϭ .03, d ϭ .37; nine out of 13 infants looking longer at alternating trials and nonproducers, t(30) ϭ 4.066, p Ͻ .001, d ϭ .40; 25 out of 31 infants looking longer at alternating trials. In contrast, infants' sensitivity for audiovisual mismatches involving /a/-/e/ was modulated by the conjoint production of /a/ and /e/, with producers showing a (nonsignificant) preference for matching trials, t(17) ϭ 1.809, p ϭ .088, d ϭ .32; nine out of 18 infants looking longer at matching trials, and nonproducers showing a (nearly significant) preference for mismatching trials, t(25) ϭ Ϫ2.017, p ϭ .055, d ϭ Ϫ.31; 10 out of 26 infants looking longer at matching trials. Again, infants discriminated between /a/ and /e/ regardless of whether they were reported to produce both sounds in their babbling, t(17) ϭ 2.646, p ϭ .017, d ϭ .38; 13 out of 18 infants looking longer at alternating trials, or not, t(25) ϭ 4.411, p Ͻ .001, d ϭ .56; 22 out of 26 infants looking longer at alternating trials.
To further investigate whether there is a general influence of infants' productive abilities on their sensitivity to audiovisual mismatches, we correlated the number of different sounds produced in infants' babbling with their preference for matching trials. Indeed, higher productive abilities, as expressed by larger babbling inventories, led to a stronger preference for matching trials, r(44) ϭ .261, p (one-tailed) ϭ .044.
2 Infants' preference for alternating trials in the discrimination task, however, did not correlate with the size of their reported babbling inventory (p (one-tailed) Ͼ .16). A repeated-measures ANOVA with trial type (matching/mismatching) as within-subjects factor and babbling inventory (small/large based on the median split) as between-subjects factor showed a main effect of trial type, F (1, 42) Figure 6 plots infants' preference for matching trials in the audiovisual matching task as a function of the number of different sounds being reported as produced in babbling (a), and displays the mean difference in looking time between trial types in the audiovisual matching and the discrimination task depending on the size of infants' babbling inventory (b).
2 Given previous studies showing that advanced development in speech perception and more mature babbling is positively related to later language development (McCune & Vihman, 2001; Tsao et al., 2004) , we expected that the size of infants' babbling inventories would positively correlate with their later vocabulary size, and that better matching abilities would positively correlate with both the size of infants' babbling inventories and their later vocabulary size. We therefore report one-tailed p values for these correlations. Note that the more conventional two-tailed p values would only approach significance for the correlation between size of babbling inventory and matching preference (p ϭ .088) and the correlation between size of babbling inventory and vocabulary size (p ϭ .062), even though post hoc comparisons show consistent performance differences between groups. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Relation to Later Vocabulary Size
According to parental reports collected when the infants were 12 months of age, infants understood on average 35.2 words (range: 4 to 91). Infants' vocabulary size at 12 months of age positively correlated with their reported babbling inventory at 6 months of age, r(33) ϭ .328, p (one-tailed) ϭ .031, (see Footnote 2) suggesting a consistent development from early babbling to early word learning. Even though infants with larger babbling inventories at 6 months of age knew on average 11 words more at 12 months of age than infants with smaller inventories, this difference did not reach significance in an independent sample t test (p Ͼ .16). Figure  7 plots the number of words reported as understood at 12 months as a function of the number of different sound categories parents reported as being produced in babbling at 6 months.
To investigate the potential relation between infants' early audiovisual speech perception and their later language development, we correlated infants' preference for matching trials in the audiovisual matching task with their vocabulary size. Infants' sensitivity to mismatches between auditory and visual speech cues was indeed associated with more advanced vocabulary development 6 months later, r(33) ϭ .360, p (one-tailed) ϭ .020 (see Footnote 2; see also Altvater-Mackensen & Grossmann, 2015) . To further investigate the relation between early audiovisual speech perception and later vocabulary size, we ran a repeated-measures ANOVA with trial type (matching/mismatching) as within-subjects factor and vocabulary group (large/small based on the median split) as between-subjects factor. Results showed a main effect of trial type, F(1, 31) ϭ 8.353, p ϭ .007, p 2 ϭ .212, and an interaction between trial type and vocabulary group, F(1, 31) ϭ 4.505, p ϭ .042, p 2 ϭ .127.
Post hoc comparisons on the interaction between vocabulary size and trial type showed that infants with larger vocabularies detected audiovisual mismatches, t(16) ϭ 3.970, p ϭ .001, d ϭ .96; 15 out of 17 infants looking longer at matching trials, while infants with smaller vocabularies were not sensitive to the matching between auditory and visual speech cues (p Ͼ .63). Again, we conducted paired-sample t tests on the mean looking time to alternating and nonalternating trials in the discrimination task separately for those infants who had high and low vocabulary scores to exclude difficulties in the acoustic discrimination of the vowels. Results confirmed that infants discriminated the vowels, regardless of whether they had large, t (16) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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task as a function of the number of words reported as understood in the vocabulary questionnaire (a), and plots the mean difference in looking time between trial types in the audiovisual matching and the discrimination task depending on infants' vocabulary size (b).
Visual Control Study
Results indicate that infants are more sensitive to matches between auditory and visual speech cues for the contrast /a/-/o/ than for the contrast /a/-/e/. The difference between vowels is not likely to arise from auditory difficulties as infants showed equal sensitivity to both sound contrasts in the auditory discrimination task. Yet, although we relied on similar visual differences as previous studies reporting successful audiovisual matching (e.g., Kuhl & Meltzoff, 1982) , infants might have had difficulties to visually distinguish the vowels. To exclude this possibility, we ran a control study testing visual discrimination of the contrast /a/-/e/ and /a/-/o/ in 5.5-to 6-month-olds.
Participants
Twenty-three German monolingual 6-month-old infants participated in the experiment (11 female; age range: 5;15 (months; days) to 6;00, mean age: 5;25). Three additional infants did not contribute data because of crying (two) or technical failure (one). Recruitment and reimbursement were identical to the experiment presented above.
Stimuli
Stimuli for the visual discrimination task were created from the matching stimuli of the audiovisual matching task, adopting the design of the stimuli in the auditory discrimination task. Videos consisted of successive repetitions of six different tokens of /a/ in nonalternating trials, and three tokens of each /a/ and /e/ or /o/, respectively, in alternating trials. Each token started and ended with the mouth completely shut in neutral position. Tokens were separated by approximately 1.5 s during which a blank (black) screen was presented, leading to a trial length of 30 s. In addition, the familiarization trials from the experiment presented above were used.
Procedure and Data Analysis
Parents were interviewed about their infants' babbling behavior and infants were subsequently tested in the visual discrimination task. Parents wore blinded glasses instead of headphones playing masking noise during the experiment, to prevent perception of the visual stimuli. To redirect infants' attention more effectively to the screen in between trials, we added a ringing noise to the flashing light. Otherwise the procedure, the set-up and the coding were identical to the interview and the discrimination task of the experiment presented above.
Results
A paired-sample t test showed that infants preferred alternating over nonalternating trials, t(22) ϭ 3.975, p ϭ .001, d ϭ .43; 16 out of 23 infants looking longer at alternating trials, indicating that infants were sensitive to the visual difference between the presented vowels. Post hoc comparisons confirmed that infants visually discriminated both /e/, t (22) This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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visually discriminate between the vowels contributed to the observed differences in the audiovisual matching task.
3
Similar to the experiment presented above, parents reported that infants were more likely to produce /a/-like (19 infants) and /e/-like sounds (15 infants) than /o/-like sounds (four infants). To determine a possible influence of infants' production of a vowel on their visual discrimination abilities, we ran separate repeatedmeasures ANOVAs for each vowel (e/o) with trial type (alternating/nonalternating) as within-subjects factor and reported production (yes/no) as between-subjects factor. Results showed a main effect of trial type for /e/, F(1, 21) ϭ 12.729, p ϭ .002, p 2 ϭ .377; and /o/, F(1, 21) ϭ 8.110, p ϭ .01, p 2 ϭ .279. No other main effects or interactions reached significance (ps Ͼ .18). (Note that results were similar for the conjoint presence of /a/-/e/ and /a/-/o/ as only two infants who produced /e/ or /o/ did not produce /a/.) A Pearson correlation further confirmed that infants' preference for alternating trials in the discrimination task did not correlate with the size of their reported babbling inventory (p (one-tailed) Ͼ .15). Figure 9 displays the mean difference in looking time between alternating and nonalternating trials in the visual discrimination task overall and split by vowel contrast.
Discussion
The current study investigated 5.5-to 6-month-olds' ability to match native auditory and visual vowel cues and related it to their ability to discriminate the corresponding vowels, to their reported articulatory abilities and to their later vocabulary size. There are three major findings: First, our results indicate that infants did not perform equally well for all vowel contrasts tested. They showed sensitivity to audiovisual congruencies for the contrast /a/-/o/, but not for the contrast /a/-/e/, suggesting that specific sound characteristics modulate infants' ability to detect audiovisual congruencies in native vowels. Second, infants' sensitivity to audiovisual (mis)matches was related to their productive abilities. Infants who were reported to produce more distinct sound categories in their babbling were more sensitive to the congruency between auditory and visual speech cues. Third, infants' preference for matching audiovisual speech and the size of their babbling inventory at six months of age predicted vocabulary size at 12 months of age, pointing to a relation between early audiovisual speech perception, articulatory abilities, and later language development. In what follows, we will discuss each of these findings, their implications and the questions that they raise in more detail.
Vowel Characteristics Modulate AV Speech Perception
As noted above, infants detected mismatches between auditory and visual speech cues for /a/-/o/, but not for /a/-/e/ (see Figure 4) . This suggests that even though infants possess basic abilities to detect audiovisual congruencies from early on (Kuhl & Meltzoff, 1982 , and subsequent studies), these abilities might not include all speech sounds (see also Mugitani et al., 2008) . Alternatively, infants' initial ability to match auditory and visual cues might rely on premature categories that undergo substantial change in the course of development. For auditory sound perception, it has been argued that infants' initial ability to discriminate a broad range of (native and nonnative) sound contrasts relies on general auditory processing mechanisms, and that native language attunement involves the formation of language-specific phonological categories that ultimately alter speech perception (see discussion in Kuhl, 2000) . This process involves changes to the perception of both native and nonnative sounds, leading to improved sensitivity to the former and reduced sensitivity to the latter type of sound contrasts (e.g., Kuhl et al., 2006) . Audiovisual perception might undergo a similar change, leading to a U-shaped pattern of development where infants lose the ability to perceive a distinction for a certain period in development (as, e.g., reported for the auditory perception of vowel length by Mugitani et al., 2009) . Our data does not allow us to draw any conclusions about the developmental path of audiovisual speech perception given that we only tested infants at one time point. Note, however, that adult speakers of German were perfectly able to detect the audiovisual mismatches in our stimuli (see Stimuli section in first study), strongly suggesting that infants eventually also become sensitive to mismatches between /e/ and /a/. Nevertheless, it would be interesting for future studies to test infants not only at the verge of, but also before and after native language attunement. This might reveal how infants' sensitivity to congruencies between specific auditory and visual speech cues changes throughout development.
Yet, what we can conclude from our data is that at the verge of perceptual attunement, infants are not equally sensitive to all audiovisual (mis)matches, suggesting that infants are yet to learn the association of-at least some-auditory and visual speech cues. The vowel contrasts tested involved similar acoustic differences and infants were well able to tell the vowels apart in an This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
auditory perception task. Similarly, infants of the same age succeeded in visually discriminating the vowels when no auditory cues were presented. Thus, infants' insensitivity to audiovisual mismatches involving /a/-/e/ are unlikely to result from difficulties to auditorily or visually distinguish between the vowels. Rather, the source of the problem appears to lie in infants' ability to detect (in)congruencies between specific auditory and visual cues. Indeed, matching auditory and visual speech cues is a demanding task as infants have to rely on their previous knowledge to judge if a given acoustic gesture complies with a given visual gesture or not. The apparently more prominent lip rounding in /o/ might contribute to infants' success in detecting mismatches involving /a/-/o/. If so, this would suggest that salient cues help infants to associate auditory and visual speech cues. Consequently audiovisual matching might be more difficult and/or acquired later for those sound contrasts that involve less salient cues. This suggestion is akin to asymmetries in infants' auditory perception of vowel contrasts (see Polka & Bohn, 2003 for a review). There have been different proposals to explain these perceptual asymmetries, but a prominent hypothesis is that the more peripheral or the corner vowels act as anchors in perception and foster the formation of phonological categories (Kuhl et al., 2008; Polka & Bohn, 2011) . A similar process might be at work in the development of audiovisual speech perception with more perceptually salient visual and/or acoustic patterns acting as anchors in perception and learning. Our experiment was not designed to test for potential asymmetries. So it was not possible to establish whether a certain direction of mismatch is easier to detect, for example, if visual /e/ paired with auditory /a/ is more likely to be detected as a mismatch than visual /a/ paired with auditory /e/. However, it would be important to investigate whether infants are indeed more sensitive to acoustically or visually salient cues in audiovisual speech perception.
Another factor that has been found to be important in auditory sound discrimination is the frequency of a particular sound in the ambient language (e.g., Anderson et al., 2003) . Sublexical frequency measures for phonological units in the German lexical database CELEX (Baayen, Piepenbrock, & Van Rijn, 1993) reveal that /e/ is more than twice as frequent as /o/ (phoneme token frequency based on word forms: /e/ ϭ 702313, /o/ ϭ 314913; see Hofmann, Stenneken, Conrad, & Jacobs, 2007) . We would expect that infants perform better for more frequent sounds if frequency is an important source of the observed differences in audiovisual perception. Yet, infants performed better for mismatches involving less frequent /o/ than for mismatches involving more frequent /e/. It is thus unlikely that frequency can account for the results. Still, it should also be noted that the German phoneme system also includes /ε/, which lies acoustically and visually in between /a/ and /e/, while there is no corresponding counterpart in between /a/ and /o/. The additional vowel /ε/ might make the difference between /a/ and /e/ less distinct in acoustic as well as visual terms and render the contrast more difficult. This is, however, purely speculative. More research investigating different types of contrasts and specifically manipulating different factors such as frequency, phonological stability, perceptual salience, and so forth is critical to adequately conclude what makes some audiovisual mismatches easier to perceive for infants than others.
Productive Abilities Influence Audiovisual Perception
Our results further suggest that productive abilities influence infants' sensitivity to audiovisual congruencies. We did not find direct evidence that infants' audiovisual speech perception is modulated by whether or not a specific sound category itself forms part of the babbling inventory, but it appears that infants who do not yet produce sounds similar to /a/ and /e/ prefer mismatching trials whereas infants who already produce these sounds tend to prefer matching trials (see Figure 5) . This might indicate a change in preference depending on infants' production, paralleling recent findings by DePaolis and colleagues that older infants' listening preference for specific sound patterns is modulated by their productive abilities (DePaolis et al., 2011 (DePaolis et al., , 2013 . The lack of any significant effect to support this conclusion in our data might be a consequence of the coarse production measure that we used. Given that we relied on parental reports to estimate if infants already produced sounds that are similar to /a/, /e/, and /o/ in their babbling, some of the infants might be misclassified as producers or nonproducers. Future studies that also collect recordings of infants' babbling for phonetic analysis might reveal a more specific relation between the perception and production of individual sound contrasts.
Comparing the standard errors, it is also evident that there is much larger variation in looking times for the audiovisual matching task than for the discrimination task (even though the data comes from the same infants and a comparable number of trials; see Figures 3, 4, and 5) . This might indicate that infants' audiovisual speech perception is more variable relative to their auditory speech discrimination at this point in development, speaking against the widespread assumption that infants' sensitivity to audiovisual congruencies is robust from early on. Even though young infants are astonishingly good at matching auditory and visual cues even across speakers and modalities (Bristow et al., 2009; Patterson & Werker, 1999) , their abilities have mainly been tested for the vowels /a/, /u/, and /i/ that mark the margins of the vowel space. These maximally disparate cases might be intuitively matchable while sensitivity to less distinct contrasts might emerge over the course of development. This would parallel findings from auditory perception where difficult contrasts are acquired relatively late (Eilers, Wilson, & Moore, 1977; Narayan, Werker, & Beddor, 2010 ; see also previous section).
Even though our data does not indicate that the production of a specific sound contrast is related to its (audiovisual) perception, this lack of a direct relation between audiovisual matching and productive abilities does not imply that there is no link between speech perception and production. As mentioned above, our parental report measure might not be sensitive enough to reveal such a direct link. Indeed, there is evidence that adults-and potentially infants-recruit motoric knowledge during speech perception (see Imada et al., 2006 for infants and, e.g., Wilson, Saygin, Sereno, & Iacoboni, 2004 Yuen, Davis, Brysbaert, & Rastle, 2010 for adults) and productive experience might well be involved in this association (see, e.g., Westermann & Reck Miranda, 2004 , for a computational model). The positive correlation between the size of infants' babbling inventory and their preference for matching trials in the audiovisual matching task (see Figure 6 ) suggests that infants with more advanced productive skills are better at detecting audiovisual mismatches. This might be the result of a more estabThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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lished link between perceptive and productive categories allowing the infant to recruit her own knowledge about specific articulatory gestures and their acoustic results to better predict and match auditory and visual speech cues (see also Desjardins, Rogers, & Werker, 1997) . This might even influence further language development as the use of different sound categories in infant babbling and their sensitivity to audiovisual congruencies in speech perception was also related to later vocabulary development (see next section for more detail). Larger babbling inventories might thus indicate that these infants are more advanced in their language development, paralleling previous reports that advanced consonant use in babbling predicts later vocabulary size (e.g., McCune & Vihman, 2001; Majorano et al., 2014) . It should also be noted that infants are very likely to use pacifiers which induce the same mouth shape as the articulatory gesture associated with /o/. Yeung and Werker (2013) show that such nonlinguistic, motoric experience influences speech perception when concurrently performed. The motoric pattern associated with /o/ may be more familiar to the infant from her own experience resulting in a preference for the mouth shape associated with /o/ and better performance for the contrast /a/-/o/ as compared with the contrast /a/-/e/. If so, infants who use pacifiers (or suck on their thumbs) might be more sensitive to audiovisual speech involving /o/ than infants who do not use pacifiers. We did not ask parents if and how often they provided their infants with a pacifier. Therefore, we cannot directly address this assumption. However, we went back to the experimental recordings and checked which infants used a pacifier during the experiment. Eight infants did, but their behavior did not differ from the main pattern of results. Nevertheless, it might be fruitful to test different contrasts more systematically and at different points in development to establish a relation between frequently performed motoric actions and the development of audiovisual speech perception.
Early Audiovisual Speech Perception is Related to Later Language Development
Our last finding addresses the relation between early audiovisual speech perception and later language development. Recent studies have found that earlier native language attunement in the auditory domain predicts more advanced vocabulary development in the second year of life (Rivera-Gaxiola, Klarman, Garcia-Sierra, & Kuhl, 2005; Tsao et al., 2004) . Our results parallel these findings and extend it to the audiovisual domain, suggesting that more advanced native speech perception in the first year of life-be it in the auditory or in the audiovisual domain-might be an early marker of more advanced language development. Specifically, infants who show increased sensitivity to native auditory and audiovisual sound categories might have an advantage in using these sound categories to segment speech and to memorize the phonological structure of words, resulting in more efficient word learning and advanced vocabulary development (cf., Kuhl et al., 2008) .
Interestingly, we found a similar association between infants' babbling at 6 months of age and their vocabulary size at 12 months of age. This might indicate that the relation between infants' early sensitivity to audiovisual speech cues and their later vocabulary size is mediated by their productive abilities-or vice versa, that the relation between infants' early productive abilities and their later vocabulary size is mediated by their perceptive abilities. Either way, this would support the notion of a functional link between perceptive and productive abilities in early language development (e.g., Kuhl, 2000; Vihman, 1996 ; see also previous section).
Conclusion
The current study is the first to investigate the relation between native audiovisual sound perception in the first year of life, emerging productive abilities and later language development. We used two native vowel contrasts, /a/-/e/ and /a/-/o/, that have not been studied so far and employed a modified version of the preferential looking paradigm that allowed us to test both audiovisual sound contrasts as well as their auditory discrimination within the same infant. Interestingly, infants' ability to detect mismatches between auditory and visual speech cues differed depending on the vowels involved, even though there were no differences in their ability to discriminate them. Even though our results provide no direct evidence that the production of similar sounds in babbling modulates the audiovisual perception of these sounds, we found an influence of general productive abilities on infants' sensitivity to audiovisual congruencies. Furthermore, audiovisual speech perception and general productive abilities at 6 months of age were related to vocabulary size at 12 months of age, suggesting a lasting effect on language development.
The current results inform theories on the development of speech perception at three levels. First, the finding that infants do not perform equally well for both vowel contrasts suggest that audiovisual speech perception might be less robust than previously assumed and supports the notion that it undergoes substantial reorganization in the course of development (see also Pons et al., 2009 ). This process might be modulated by the perceptual salience of auditory and visual speech cues. Second, the finding that infants' productive abilities are-although maybe not specificallyrelated to their audiovisual speech perception suggests a potential role for emerging productive abilities in perceptual reorganization (see also Kuhl, 2000) . Third, the relation between early speech perception and later language development further links phoneme acquisition to early word learning, suggesting a continuous development from early to later stages of language development (see also Tsao et al., 2004) .
